In most moth species, including Mamestra brassicae, pheromone biosynthesis activating neuropeptide (PBAN) regulates pheromone production. Generally, PBAN acts directly on the pheromone gland (PG) cells via its specific G-protein-coupled receptor (i.e. PBANR) with Ca 2+ as a second messenger. In this study, we identified cDNAs encoding three variants (A, B and C) of the M. brassicae PBANR (Mambr-PBANR). The full-length coding sequences were transiently expressed in cultured Trichoplusia ni cells and Sf9 cells for functional characterization. All three isoforms dose-dependently mobilized extracellular Ca 2+ in response to PBAN analogs with Mambr-PBANR-C exhibiting the greatest sensitivity. Fluorescent confocal microscopy imaging studies demonstrated binding of a rhodamine red-labeled ligand (RR10CPBAN) to all three Mambr-PBANR isoforms. RR10CPBAN binding did not trigger ligand-induced internalization in cells expressing PBANR-A, but did in cells expressing the PBANR-B and -C isoforms. Furthermore, activation of the PBANR-B and -C isoforms with the 18 amino acid Mambr-pheromonotropin resulted in co-localization with a Drosophila melanogaster arrestin homolog (Kurtz), whereas stimulation with an unrelated peptide had no effect. PCR-based profiling of the three transcripts revealed a basal level of expression throughout development with a dramatic increase in PG transcripts from the day of adult emergence with PBANR-C being the most abundant.
Introduction
The vast majority of sexually receptive female moths produce species-specific sex pheromones to attract conspecific males (Karlson and Butenandt, 1959) . These compounds are usually de novo synthesized via a modified fatty acid (FA) biosynthetic pathway (Rafaeli, 2002; Tillman et al., 1999) . Biosynthesis and release typically takes place within the specialized epidermal tissue that comprises the pheromone gland (PG), which is located at the intersegmental membrane between the 8 and 9th abdominal segment (Blomquist and Vogt, 2003; Percy and Weatherston, 1974) .
In recent years, understanding of the biosynthetic pathways underlying lepidopteran pheromone production and its regulation has been greatly expanded (Blomquist et al., 2011; Jurenka, 2004; Jurenka and Rafaeli, 2011; Matsumoto et al., 2007; Rafaeli, 2011) . In mature virgin females, both pheromone production and release are synchronized by the circadian-regulated action of pheromone biosynthesis activating neuropeptide (PBAN), which originates from the subesophageal ganglion (SEG) (Raina et al., 1989) . PBAN is a member of an ancient conserved signaling family of peptides characterized by a C-terminal amidated pentapeptide FXPRL-amide (X = S, T, G or V) that is essential for the pheromonotropic activity of PBAN (Kuniyoshi et al., 1991; Raina and Kempe, 1990) . Post-translational processing of the PBAN prepropeptide yields PBAN as well as four additional FX-PRL-amide peptides i.e. diapause hormone and α-, β-and γ-SEG neuropeptides (SGNPs) that exhibit varying degrees of pheromonotropic activity (Ma et al., 1994 (Ma et al., , 1996 Sato et al., 1993) .
Pheromone production is initiated by specific binding of PBAN to its cognate receptor (PBANR) expressed at the cell surface of PG cells. Although demonstrated histochemically in Heliothis peltigera PGs (Altstein et al., 2003) , the molecular identity of the PBANR proved elusive until sequence similarities between predicted Drosophila G protein-coupled receptors (GPCRs) and mammalian receptors suggested that FXPRL-amide receptors, such as PBANR, belong to the mammalian neuromedin U receptor family (Hewes and Taghert, 2001) . Subsequent confirmation of this hypothesis facilitated homology-based identification of the PBANR in Helicoverpa zea (Choi et al., 2003) and Bombyx mori (Hull et al., 2004) . Since then PBANRs have been identified in diverse moth
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species (Cheng et al., 2010; Ding and Löfstedt, 2015; Kim et al., 2008; Lee et al., 2012; Nusawardani et al., 2013; Rafaeli et al., 2007; Zheng et al., 2007) with multiple PBANR isoforms (PBANR-As, -A, -B, and -C) shown to be concomitantly expressed in PGs (Kim et al., 2008; Lee et al., 2012) . The isoforms are differentiated by the length and composition of their C-termini, which is necessary for the ligand-induced internalization (Hull et al., 2005) , a phase of GPCR feedback regulation and desensitization (Moore et al., 2007; Marchese et al., 2008) . The "short" PBANRs lack a C-terminal extension and exhibit different internalization kinetics as compared to the "long" isoforms (Lee et al., 2012) . The differing responses of the isoforms, which arise from alternative splicing of the C-terminus (Kim et al., 2008; Lee et al., 2012) , have been suggested to reflect the pleiotropic nature of the PK/PBAN signaling system in insects (Nusawardani et al., 2013) . Despite these structural differences and variation in the downstream intracellular signal transduction cascade (Hull et al., 2007a; Matsumoto et al., 1995; Rafaeli et al., 1990; Rafaeli and Soroker, 1989) , PBANRs are characterized by PBAN-mediated mobilization of extracellular Ca 2+ , which is a prerequisite for turning the PBAN signal into the biological response of sex pheromone production (see reviews: Matsumoto et al., 2010; Rafaeli, 2009) .
Although not as extensively studied as the two main model systems (i.e. B. mori and H. zea), Mamestra brassicae has also been the focus of numerous pheromonotropic-based studies. Immunocytochemical studies revealed the presence of PBAN-like peptides in the hemolymph at 100-500 pM during the scotophase (Iglesias et al., 1999 ) and a cDNA clone of the PBAN coding sequence with significant homology to H. zea PBAN (Helze-PBAN) has been reported (Jacquin-Joly et al., 1998) . In addition, a pheromonotropic 18-aa SGNP, referred to as Mambr-PT (Fónagy et al., 1998 (Fónagy et al., , 2008 , with close sequence similarity to β-SGNPs identified in B. mori, H. assulta, H. zea, and Pseudalatia separata Jurenka, 2015; Rafaeli, 2009 ) has been identified. More recently, an extensive study examining the time course of M. brassicae pheromone production in relation to a desaturase further revealed the pheromonotropic effects of Mambr-PT (Köblös et al., 2015) . Despite these findings, the PBANR of M. brassicae remains unknown. The objective of this study was to clone and characterize PBANRs in the pest M. brassicae and to determine if these receptors are functionally similar to those described in other noctuid moths (Jurenka and Rafaeli, 2011) . The generation of new insights into PBANR − PBAN interactions may elicit species specific control of pheromone production in pest management and provide a potentially deeper understanding to facilitate the development of new antagonists (Nachman et al., 2009 ).
Materials and methods

Insects
A laboratory culture of M. brassicae was established using adults collected from fields in different regions of Hungary and maintained under a reverse photoperiod of 16:8 h light/dark cycle at 25°C, 50% relative humidity. Larvae were reared on a semi-synthetic diet (Nagy, 1970) . Pupae were sexed and separated and after moth emergence, adults were kept separately in glass jars (12 × 10 cm) covered with fine mesh and fed a 10% honey solution supplied on cotton pads.
Cloning and sequence analysis
Total RNA was isolated from PGs of 2-3-day-old calling females using Extractme Total RNA kit (Blirt SA, DNA-Gdańsk, Gdańsk, Poland) and reverse transcribed using SuperScript III reverse transcriptase and random hexamer primers (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. A 1208-bp fragment of M. brassicae PBANR (Mambr-PBANR) was amplified with degenerate primers (sense 5′-CGCCGCAACTYYGTCGTTC-3′ and antisense 5′-TRAAGGCGTTTCTGAACTTRTT-3′) corresponding to conserved regions of published PBANR sequences. PCR amplification was carried out using Phusion DNA polymerase in HF buffer (Thermo Fisher Scientific, Waltham, MA) under the following conditions: 98°C for 1.5 min, 35 cycles at 98°C for 15 s, 59°C for 30 s and 72°C for 40 s, followed by a final extension of 72°C for 5 min. The amplified PCR products were ligated into the pJET1.2/blunt cloning vector using a CloneJET PCR cloning kit (Fermentas, Glen Burnie, MD) according to the manufacturer's protocols and sequence verified (Macrogen Europe, Amsterdam, The Netherlands).
Sequence information from the cloned cDNA fragments was used to design gene-specific primers using Primer-BLAST (http://www. ncbi.nlm.nih.gov/tools/primer-blast). Full-length cDNA sequences were determined by 5′-and 3′-rapid amplification of cDNA ends (RACE) using a SMARTer RACE cDNA amplification kit (Clontech, Palo Alto, CA) according to the recommendations of the manufacturer. The two specific primers designed from the partial cDNA fragment were 5′-GAGTGGGCAGATGCAGTACAG-3′ for 3′ RACE, and 5′-CTTGAACAGTAGACGCGGAACAT-3′ for 5′ RACE. The sequences have been deposited in GenBank under accession Nos. KX831609−KX831611.
Sequence alignments of the putative protein sequences were performed with ClustalX 2.1 (Thompson et al., 1997) . Transmembrane regions of the PBANR proteins were predicted using TMHMM 2.0 (http://www.cbs.dtu.dk/services/TMHMM) (Krogh et al., 2001) . Phylogenetic analysis of the putative Mambr-PBANR sequences was performed in conjunction with other lepidopteran PBANR sequences obtained from BLAST searches. The phylogenetic evolutionary history was inferred using the Maximum-Likelihood method according to the Le-Gascuel model (Le and Gascuel, 2008) implemented in MEGA 6 (Tamura et al., 2013) with bootstrap support based on 1000 iterations.
Construction of insect expression plasmids
To examine the cellular localization of the Mambr-PBANR isoforms and ligand binding, chimeras of each isoform were constructed with the fluorescent protein mVenus (Nagai et al., 2002) fused in-frame to the receptor C-terminus. Expression vectors were constructed using a pIB/V5-His-TOPO TA insect expression vector (Thermo Fisher Scientific, Waltham, MA) containing the mVenus coding sequence engineered with a 5′-StuI restriction site (i.e. pIB/ StuI-mVenus). The variants were amplified using a gene specific ORF sense primer (5′-AAGATGACATTGCCAGTGCC-3′) and variant specific antisense primers (PBANR-A: 5′-CCTCAATACAAG-TAGATCAATCATA-3′; PBANR-B: 5′-CCTGGTGAGTCCGCC-GAT-3′; PBANR-C: 5′-CCTCGTGGTACATGTAGGTGG-3′) that replaced the stop codon with an in-frame StuI restriction site. The amplified PCR products were then cloned into the StuI restriction site of the mVenus expression vector. The resulting constructs were sequence validated prior to use.
Confocal microscopy of transiently expressed Mambr-PBANR chimeras in cultured insect cells
Adherent Trichoplusia ni (Tni) cells (Allele Biotechnology, San Diego, CA), passaged and maintained in serum-free insect culture media (Allele Biotechnology), were seeded onto 35 mm #1.5 glass bottom dishes (Matsunami Glass USA Inc., Bellingham, WA) and transfected using 2-μg plasmid with 4 μL Insect Gene Juice transfection reagent (Novagen, EMD Biosciences, San Diego, CA). After 5 h, the transfection media was discarded and the cells maintained in serum-free media for 48 h at 28°C. Tni cells transiently expressing the chimeric Mambr-PBANR isoforms were incubated for 1 h at 4°C with 50 nM of a fluorescently labeled synthetic B. mori PBAN analog (RR-C10PBANR) prepared previously (Lee et al., 2012) . Cells were then rinsed twice and imaged in 2 mL cold IPL-41 insect media (Thermo Fisher Scientific) on a Fluoview FV10i-LIV fluorescent confocal laser-scanning microscope (Olympus, Center Valley, PA) using a 60 × phase contrast water-immersion objective (NA 1.2).
The non-visual Drosophila arrestin homolog, Kurtz, which exhibits significant sequence similarity with mammalian arrestins, functions similar to β-arrestin2 in receptor regulation, and as such has been useful in the characterization of insect GPCR internalization (Yang et al., 2013 (Yang et al., , 2016 . For arrestin translocation assays, a fluorescent chimera of Kurtz C-terminally tagged with the red fluorescent protein mCherry was constructed by overlap extension PCR (Wurch et al., 1998 ) using a cDNA clone (FBcl0171107; Drosophila Genomics Resource Center, Bloomington, IN) with chimeric primers (sense: 5′-GCTGAAACAGAGGCCATGGTGAGCAAGGGCGAG-3′; antisense: 5′-CTCGCCCTTGCTCACCATGGCCTCTGTTTCAGC-3′) and gene specific primers (sense Drosophila Kurtz: 5′-CATAAT-GAACGGTGGTGGTG-3′; antisense mCherry: 5′-CTACTTG-TACAGCTCGTC). PCR was performed using KOD Hot Start polymerase (EMD-Millipore, Billerica, MA) with thermocycler conditions consisting of 95°C for 2 min followed by 21cycles at 95°C for 20 s, 58°C for 10 s, and 70°C for 15 s with a final 5-min extension at 72°C. The second overlap extension reactions used aliquots of the initial reactions with a Kurtz-specific forward primer and the mCherry reverse primer. Thermocycler conditions consisted of 95°C for 2 min followed by 21 cycles at 95°C for 20 s, 58°C for 10 s, and 70°C for 45 s with a final 5-min extension at 72°C. The resulting products were gel excised, treated with ExTaq DNA polymerase (Takara Bio USA, Mountain View, CA) to add 3′A overhangs, cloned into the pIB/V5-His TOPO TA vector, and sequence verified. The resulting plasmid was co-transfected into Tni cells with the Mambr-PBANR-mVenus variants as described above. Translocation was assessed following 1 h at 4°C with 1 μM of either a synthetic fragment of the Drosophila melanogaster sex peptide (SP) corresponding to residues 21-36 (DromeSP 21-36 ; United Peptide, Herndon, VA) or 1 μM Mambr-PT (SLAYVQKVFENVEFVPRLamide, synthesized as described in Köblös et al., 2015) . Cells were imaged as before on a Fluoview FV10i-LIV fluorescent confocal laser-scanning microscope. All confocal images were processed using Photoshop CS6 (Adobe Systems, San Jose, CA). To determine quantifiable differences in receptor internalization, the fluorescence attributable to internalized ligand relative to total cellular fluorescence (including plasma membrane fluorescence) was calculated in ImageJ using confocal image data collected in the red channel. Statistical analyses were performed using a one-way ANOVA with Tukey's multiple comparisons test in GraphPad Prism6 (GraphPad Software, San Diego, CA).
Single-cell calcium imaging
To examine Mambr-PBANR responsiveness to ligand activation, polyclonal Sf9 insect cell lines stably expressing each of the isoforms were generated. Briefly, the Mambr-PBANR variant coding sequences were cloned into the pIB/V5-His-TOPO TA insect expression vector and transfected as before into adherent Sf9 cells (Allele Biotechnology). At 48 h post-transfection, cells were cultured in TN-MFH media supplemented with 100 μg/mL blasticidin (InVivoGen, San Diego, CA) for three weeks and then maintained in TNMFH media supplemented with 10 μg/mL blasticidin. On the day of the experiment, 3-4 × 10 5 polyclonal cells were seeded into a black-walled, clear bottom, tissue-culture treated 96-well microplate (Corning, Corning, NY). After attachment, cells were loaded with the calcium indicator, Fluo-4 using a Fluo-4 direct calcium assay kit (Thermo Fisher Scientific) diluted 1:1 with TNMFH. The cells were incubated in the dark for 60-90 min and then washed once with IPL-41 prior to ligand challenge in 60 μL IPL41. Cell fluorescence measurements were taken every 8 s for 4 min. The synthetic ligands Helze-PBAN (LSDDMPATPADQEMYRQDPEQIDSRTKYFSPRLamide, Bachem Americas, Inc.; Torrance, CA) and Mambr-PT were added in a 15-μL volume after 32 s and a final concentration of 10 μM ionomycin (Thermo Fisher Scientific) added after 200 s as a calcium ionophore. Non-transfected Sf9 cells were likewise assayed. Fluorescence recordings were made using an FSX-100 fluorescence microscope (Olympus) with single cell measurements processed using the Fiji image processing package for Image J (Schindelin et al., 2012) . Fluorescence values were calculated by subtracting both non-specific background fluorescence and the average fluorescence intensity over the first 32 s (i.e. basal cellular fluorescence pre-stimulation), and then expressed relative to the maximal value obtained following the addition of ionomycin. Dose-response curves were generated using GraphPad Prism6.
Developmental and tissue mRNA expression
PGs from pupae and adult moths on the day of eclosion (day 0) or two days after eclosion (day 2), adult male aedaegus two days after emergence, and brains, legs and fat bodies of two-day-old females were dissected, immediately frozen in liquid nitrogen, and stored at -70°C until subsequent processing. Total RNA was extracted from the frozen tissues as well as second and fourth instars as described above (see Section 2.2). After DNase I treatment, first-strand cDNA synthesis was performed with 1 μg total RNA using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems) and random hexamer primers.
Quantitative real-time PCR (qRT-PCR) analysis was performed to analyze the relative mRNA expression level in various tissues and developmental stages. We designed the sense 5′-GAGTGGGCA-GATGCAGTACAG-3′ and antisense 5′-GGGTTGATAGCG-GTTGACAG-3′ primer pair to amplify a 228-bp fragment (positions 753 to 980 relative to the translational start codon) of the three Mambr-PBANR-A, -B and -C variants. Three variant-specific primer pairs were also designed using Primer-BLAST. For PBANR-A, the sense 5′-TCTACTTGTATTGTGACCGCAGG-3′ and antisense 5′-CAAAGAGGTCGACATGCTCCATCA-3′ primers were used to amplify a 139-bp fragment (positions 1056 to 1194 relative to the translational start codon). A 336-bp (positions 1018-1353) fragment from the long variants (PBANR-B and -C) was amplified using long variant specific sense 5′-GCCTTCAAGGTGACGTTAGCGAC-3′ and antisense 5′-GACTGGAGTTGGAGATGCTTCGAG-3′ primers. A 153-bp PBANR-C fragment (positions 1201-1353) was amplified using the PBANR-C specific sense 5′-CCACGAGCGCAGGT-GAGTG-3′ primer and the long variant antisense primer. To ensure the specificity of PCR amplifications, qRT-PCR was performed using 1 ng plasmid DNA containing the full-length sequence of each PBANR variant (PBANR-A, -B, or -C) as template with primer sets designed for specific amplification of each PBANR sequence.qRT-PCR was performed on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) using SensiFAST SYBR No-ROX kit (Bioline) in a 20-μl reaction volume and running a standard program (95°C for 2 min, 40 cycles at 95°C for 10 s, 60°C for 10 s and 72°C for 10 s), followed by a melt curve analysis to determine amplicon specificity using a temperature range from 65°C to 95°C with increments of 0.5°C. Levels of PBANR mRNAs were normalized to ribosomal protein L8 (rpl8, GenBank AY485337) mRNA levels. The primer pair designed to amplify a 159-bp fragment of rpl8 (from position 126 to 284) were sense 5′-GGGTGTCGTGAAGGACAT-CATC-3′ and antisense 5′-GTAGCTTTCTTGCCGCAGTAGAC-3′. All reactions were performed using three technical replications from three biological replicates. In each run, water blank and non-reverse transcribed RNA were used as negative controls. Quantification was performed according to the standard curve method (Larionov et al., 2005) using serial dilutions of pooled PG cDNA. Real-time PCR efficiencies were 90, 98, 95, 98 and 100% for rpl8, PBANR-A, -C, -B−C and -A−C, respectively, with r 2 = 0.99 or higher. The products were purified with a High Pure PCR product purification kit (Roche) and sequenced.
Results
cDNA cloning
Degenerate oligonucleotide primers designed to conserved nucleotide sequences in lepidopteran PBANRs facilitated RACE-based identification of cDNA clones encoding 356-aa, 477-aa and 470-aa proteins with 99, 97 and 97% identity to Psese-PBANR-A, -B and -C, respectively. Therefore, the predicted sequences, each representing one of the three receptor subtypes were designated Mambr-PBANR-A, -B and -C (Fig. 1) . The three predicted Mambr-PBANRs share a common N-terminal region of 343 amino acids with seven putative transmembrane domains. The Mambr-PBANR primary sequences contain two N-terminal consensus glycosylation sites, N19 and N22, and an ERY motif (aa 137-139) in transmembrane domain 3. The C-terminal extensions are predicted to form intracellular tails of varying size and sequence (Fig. 1) . In addition, two consensus protein kinase C serine phosphorylation sites (residues S334 and S366) were predicted in the C terminus. The C-terminal domains of the longer Mambr-PBANRs also contain a third potential phosphorylation site, S361 that flanks the tyrosine in a putative YXXΦ endosomal targeting motif (Fig. 1) . Mambr-PBANR-C contains a 5-nt insertion at nt 1210 resulting in a frameshift that introduces a stop codon (TGA) at amino acid position 470 (Fig. 1) . The shorter PBANR-A variant may also result from alternative splicing of the 3′ coding region. Sequence analysis revealed that the ∼400-bp part of the coding sequence unique to the PBANR-B and-C variants is GC-rich (67-68%). In contrast, the 43-bp C-terminal coding sequence unique to PBANR-A is AT-rich (the GC-content is 23%).
Sequence alignment of the Mambr-PBANRs with other PBANR sequences was used to assess phylogenetic relationships by the maximum-likelihood method (Fig. 2) . All three Mambr-PBANRs clustered with high bootstrap support with PBANR sequences from other noctuid species including Spodoptera littoralis (Zheng et al., 2007) , H. virescens (Kim et al., 2008) , S. exigua (Cheng et al., 2010) , Pseudaletia separata, H. zea, H. armigera (Lee et al., 2012) and Agrotis segetum (Ding and Löfstedt, 2015) . Furthermore, all of the receptors clustered in species specific clades. Similar to Nusawardani et al. (2013) , the Plutellidae sequence was basal to the other PBANRs. 
Cellular localization and ligand-induced internalization
To examine the cellular localization of the three Mambr-PBANR isoforms, each was C-terminally tagged with the fluorescent protein mVenus and transiently expressed in cultured Tni cells. Confocal microscopy revealed fluorescent signals associated with the plasma membrane of transfected cells for all three isoforms (Fig. 3A) . This localization, however, was not exclusive as intracellular fluorescence was also detected, suggesting incomplete or impaired trafficking of the respective isoforms either as a result of overexpression or an artifact of the chimeric constructs.
To determine if the Mambr-PBANR isoforms undergo ligand-induced receptor internalization, cells transiently expressing the chimeric receptors were incubated with a rhodamine red-labeled PBAN derivative (RR-10CPBAN) and then imaged immediately after incubation and 15 min post-incubation. Initially, red fluorescence was observed at the cell surface where it co-localized with the chimeric PBANR fluorescence signals, suggesting receptor-ligand interaction. No fluorescence was observed in non-transfected cells (data not shown). Time-course imaging of the same cells revealed intracellular accumulation of red fluorescent punctae that co-localized with green fluorescent signals in cells expressing the Mambr-PBANR-B and -C isoforms but not the shorter-A isoform ( Fig. 3A; right panel) . The percentage RR-10CPBAN internalized was significantly higher (45-48% vs. ∼22%) in cells expressing the longer Mambr-PBANR isoforms as compared to the shorter Mambr-PBANR-A (Fig. 3B) . 
Ligand-induced translocation of the Drosophila arrestin homolog, Kurtz
To assess the role of arrestins in the internalization of the Mambr-PBANR isoforms, we constructed a fluorescent chimera of the non-visual Drosophila arrestin, Kurtz (DromeKurtz), fused at its C-terminus with the red fluorescent protein, mCherry, and co-transfected it with the respective PBANR variants. Consistent with previous reports (Yang et al., 2013 (Yang et al., , 2016 , DromeKurtz-mCherry localization was cytosolic in the absence of ligand stimulation (data not shown). Incubation with 1 μM Mambr-PT induced partial translocation of the Kurtz construct to the cell surface and/or co-localization with internalized receptors in cells expressing the Mambr-PBANR-B and -C isoforms ( Fig. 4; merged panels) . Translocation was ligand-dependent as incubation with 1 μM of an unrelated peptide (D. melanogaster SP residues 21-36; DromeSP 21-36 ), which lacks the pheromonotropic FXPRL-amide motif, had no effect on Kurtz localization (Fig. 4) . Consistent with the lack of ligand-induced internalization detailed above, we observed no ligand-induced translocation or co-localization of DromeKurtz-mCherry in cells co-expressing Mambr-PBANR-A.
Functional expression and characterization in cultured insect cells
To assess the functionality of the three Mambr-PBANR isoforms in terms of Ca 2+ signaling, each isoform was stably expressed in Sf9 insect cells and receptor activation monitored by single cell fluorescent Ca 2+ imaging. Cells expressing the Mambr-PBANR-C isoform exhibited a dose-dependent fluorescence response following the addition of varying concentrations of synthetic Helze-PBAN (Fig. 5A) . No response was observed in non-transfected Sf9 cells following addition of 5 μM Helze-PBAN, suggesting that Ca 2+ mobilization in the polyclonal line was specific to the expressed transgene. Similarly, no increase in fluorescence (Fig. 5A) was observed in the Mambr-PBANR-C cell line following the addition of 5 μM DromeSP 21-36 , indicating that receptor activation is ligand specific. Synthetic Helze-PBAN generated dose-dependent fluorescent Ca 2+ responses in all three Mambr-PBANR cell lines with greatest activity (EC 50 value of 26 nM) in the Mambr-PBANR-C line (Fig. 5B) . EC 50 values in the Mambr-PBANR-A and Mambr-PBANR-B cell lines were comparable (48 nM and 42 nM, respectively). Dose-dependent stimulation was also observed with synthetic Mambr-PT (Fig. 5B) , which was equally potent in the Mambr-PBANR-B (EC 50 ∼ 63 nM) and Mambr-PBANR-C (EC 50 ∼ 69 nM) lines, but was 2-fold less active (EC 50 ∼ 147 nM) in the Mambr-PBANR-A line. The lowest concentration of ligand to generate a Ca 2+ response was 1 nM Helze-PBAN in the Mambr-PBANR-C line.
qPCR-based expression profiling
Expression of Mambr-PBANR transcripts was determined in immature and adult stages of M. brassicae. The transcript abundance of each variant was determined by qRT-PCR and normalized to the expression levels of rpl8 mRNA. Compared to PBANR-A, we observed significantly higher (P < 0.05) transcript levels of the PBANR-B and -C variants in the PG extracts (Fig. 6) . Analysis of the expression pattern in PGs revealed higher (P < 0.05) levels of PBANR-B and -C transcripts in 2-day-old females as compared to pre-emergence pupae. Our data also showed that the mRNA expression of the three PBANR subtypes was generally low in other tissues (Fig. 6) . No appreciable expression of Mambr-PBANR was detected in leg muscles or fat bodies (data not shown).
Discussion
Here we report on the molecular cloning and functional characterization of M. brassicae PBANRs. Three variants (PBANR-A, -B, and -C) that exhibit high sequence homology with noctuid moth PBANRs were identified in female M. brassicae PGs. The expression of multiple PBANRs appears to be a conserved feature in moths with variants reported in six species representing three families (Noctuidae, Sphingidae, and Bombycidae; Lee et al., 2012) . Alternative splicing of GPCR transcripts, which is one of the principal means by which organisms generate functional protein diversity in a temporal-and/or tissue-dependent manner, has been extensively documented (Markovic and Challiss, 2009; Minneman, 2001 ). In B. mori, the PBANR gene spans six exons and five introns with the variable C terminus encoded on exons 5-6 (Lee et al., 2012) . The short Bommo-PBANR variants (PBANR-As and PBANR-A) are generated following retention of a spliced intron. The longer variants arise from conventional splicing of exons 2-6 (PBANR-B) or a five-nucleotide insertion in exon 5 that introduces a stop codon in the middle of the C-terminal coding sequence (PBANR-C) (Lee et al., 2012) . Mambr-PBANR-C likewise arises from a 5-nt insertion that introduces a stop codon in the C-terminal sequence, suggesting that the PBANR splicing mechanism may be conserved across species.
The biological significance underlying expression of multiple PBANRs in moth PGs remains to be determined. One possibility is that the isoforms provide a mechanism for fine-tuning cellular responsiveness to the pheromonotropic signal. Truncated isoforms of some mammalian receptors have been shown to exert dominant negative effects on signaling when co-expressed with more highly expressed isoforms (Chow et al., 2012; Seck et al., 2005; Zmijewski and Slominski, 2009) . Alternatively, the multiple PBANR transcripts may reflect a spatio-temporal dependence of functionality. This hypothesis is especially attractive given the pleiotropic complexity of PBAN, the multiplicity of reports detailing PBANR activation by multiple FXPRL-amide peptides (Choi et al., 2003; Hariton-Shalev et al., 2013; Kim et al., 2008; Shalev and Altstein, 2015; Watanabe et al., 2007) , and the varied tissue/developmental expression profile of PBANR transcripts. In M. brassicae, we detected the mRNA expression of each receptor variant in all life stages. Similar to other reports (Lee et al., 2012; Nusawardani et al., 2013) , PBANR-A was expressed at lower levels in PGs of adult females compared to the long variants. The long variant receptor transcripts were more robustly ex 6 . Relative expression levels of the Mambr-PBANR variants. qRT-PCR was performed using larvae, pheromone glands (PG) and brain (Br) tissue of females, and hair-pencil-aedeagus complexes of males (MC). Each sample was pooled from five specimens. PGs were dissected from pupae and adult moths on the day of eclosion (day 0) or two days after eclosion (day 2). Expression levels are presented as relative to the control gene rpl8 with error bars representing standard deviations from at least three independent replicates.
pressed in PGs of adult females and at lower levels in female brain and hair-pencil aedeagus complexes of adult males. These results are in agreement with earlier studies reporting PBANR transcripts in hair-pencil-aedeagus complex of adult H. armigera males , silencing of which resulted in a decreased production of male hair-pencil components (Bober and Rafaeli, 2010) . Expression of PBANR has also been reported for the nerve cord and brain in B. mori, H. armigera and Ostrinia nubilalis (Nusawardani et al., 2013; Rafaeli et al., 2007; Watanabe et al., 2007) . The varied spatial expres sion of PBANR transcripts suggests a pleiotropic role for the receptor in mediating diverse biological functions in Lepidoptera.
Similar to Helze-PBANR and Bommo-PBANR (Choi et al., 2003; Hull et al., 2004) , two N-terminal consensus glycosylation sites, N19 and N22 were identified in M. brassicae (Fig. 1) . Site-directed replacement of these sites in the Helze-PBANR N terminus negatively affected PBAN-stimulated Ca 2+ influx , whereas in Bommo-PBANR loss of those sites via N-terminal truncations had little effect on cell surface localization or ligand-induced internalization (Hull et al., 2011) . Given the phylogenetic relatedness of the Mambr-PBANRs with the Helze-PBANR (both members of the Noctuidae family), it will be interesting to ascertain what role N-glycosylation may have in their function. Our results also support previous findings regarding the highly conserved nature of the 3rd extracellular loop (Fig. 1) , which was found to be essential for ligand binding . Extracellular loop 3 has been implicated in peptide ligand−GPCR interactions (Gether et al., 2002; Peeters et al., 2011) and contributes to the overall stabilization of the ligand binding pocket (Choi and Jurenka, 2010) . In addition, two consensus protein kinase C serine phosphorylation sites (residues S334 and S366) were predicted in the C terminus. The C-terminal domains of two of the Mambr-PBANRs also contain a third potential phosphorylation site, S361 that flanks the tyrosine comprising a portion of a putative YXXΦ endosomal targeting motif critical in internalization of the Bommo-PBANR (Hull et al., 2005) . It should be noted that S366 and the YXXΦ motif are absent in Mambr-PBANR-A.
For most vertebrate GPCRs, receptor activation triggers a signal transduction cascade that culminates in feedback regulation of the receptor via rapid endocytotic removal from the cell surface. This regulatory mechanism thus modulates the duration and intensity of the re ceptor-mediated signal transduction cascade (Hanyaloglu and Zastrow, 2008) . Although ligand-induced internalization has been extensively studied in mammalian systems, the GPCRs that have been similarly characterized in insects are limited to the B. mori adipokinetic hormone (AKH) receptor (Huang et al., 2011) , the B. mori corazonin receptor (Yang et al., 2013 (Yang et al., , 2016 , the Drosophila SP receptor (Hull and Brent, 2014) , and three moth PBANRs (Hull et al., 2004 (Hull et al., , 2005 (Hull et al., , 2011 Kawai et al., 2014; Lee et al., 2012) . In each study, the respective receptor exhibited rapid internalization in mammalian and/ or insect cell lines following addition of labeled and unlabeled cognate ligands. Our demonstration that two of the three Mambr-PBANR isoforms likewise undergo endocytotic removal from the cell surface in tandem with bound ligand (Fig. 3A) extends previous studies on the regulatory mechanism underlying PBANR regulation and further supports functional differentiation of the short and long PBANRs. The less robust internalization observed for the Mambr-PBANRs (∼45-48%) compared to the ∼90% reported for the other moth PBANRs (Hull et al., 2004 (Hull et al., , 2005 (Hull et al., , 2011 Kawai et al., 2014; Lee et al., 2012) may be due to differences in the fluorescent protein used (Venus vs. EGFP) and/or differences in the cell expression system (Tni vs. Sf9). The reduced internalization observed in cells expressing the Mambr-PBANR-A construct, however, is consistent with that reported in cells expressing "short" PBANRs from other moths. The endocytotic removal of GPCRs from the cell surface is typically mediated by β-arrestins (Moore et al., 2007; Smith and Rajagopal, 2016) . For insect GPCRs, both β-arrestin2 and the non-visual arrestin, Kurtz, have been shown to facilitate receptor internalization (Huang et al., 2011; Yang et al., 2013) . Internalization of PBANRs likely also proceeds through an arrestin-dependent pathway as Mambr-PBANR activation recruited a fluorescent chimera of Kurtz to the cell surface (Fig.  5 ) and co-localization of the respective fluorescent signals post-endocytosis suggests persistence of the receptor-arrestin association (Fig.  4) .
PBANR activation triggers an influx of extracellular Ca 2+ response both in vivo and in vitro (Choi et al., 2003; Choi and Jurenka, 2006; Hull et al., 2004 Hull et al., , 2007b . Heterologously expressed Mambr-PBANRs likewise dose-dependently mobilized Ca 2+ in response to PBAN activation (Fig. 5) . However, the receptors exhibited differing ligand sensitivities with Mambr-PBANR-C most sensitive to Helze-PBAN stimulation but less so (∼2.5-fold difference in EC 50 value) to Mambr-PT (a β-SNGP). Similar differences were observed for the other two isoforms even though both ligands assayed contain the essential C-terminal FXPRL-amide motif and both are products of post-translational processing of the PBAN prepropeptide. Similar disparity in ligand potency was reported in the initial characterization of the H. zea PBANR (since shown to be the short A isoform) with the α-SNGP (PGN-8) nearly 10-fold less active than the other FXPRL-amides in Sf9 cell-based fluorescent Ca 2+ assays (Choi et al., 2003) . Shalev and Altstein (2015) also reported differences in dose-response profiles of the H. peltigera and S. littoralis PBANRs, which share highest similarity with the short isoform receptors, to PBAN and β-SNGP in Sf9 cell-based fluorescent Ca 2+ assays. Functional analysis of the B. mori PBANR-C isoform in Xenopus oocytes also indicated a difference albeit with PBAN ∼15-fold less active than β-SNGP (Watanabe et al., 2007) . Surprisingly, the H. virescens PBANR-A and -B isoforms exhibited little to no response to PBAN in mammalian cell-based Ca 2+ assays (Kim et al., 2008) . Because synthetic peptides of each have been reported to exhibit pheromonotropic activity (Ma et al., 1996) and the presence of the proteolytically processed peptide products in the SEG has been biochemically confirmed (Ma et al., 2000; Sato et al., 1994) , the biological significance of these reported receptor activation differences is of great interest. A simple explanation is that the differences arise from the various receptor activation assays used. While that can explain cross-platform variation, it does not address the ligand selectivity observed in receptors that have essentially identical ligand binding pockets. Regardless, our identification and demonstration of receptor activation via fluorescent Ca 2+ responses expand not only our understanding of sex pheromone biosynthesis in M. brassicae but also our model of PBANR function.
